ABSTRACT South American populations of Trimerotropis pallidipennis Burmeister are polymorphic for pericentric inversions. In this species, rearrangement frequencies follow repetitive patterns of distributions along different geographic areas, which are determined by altitude, minimum temperature, and humidity variables. The current article reports the analysis of random ampliÞed polymorphic DNA (RAPDs) in Þve populations of T. pallidipennis and shows the possible relationships of this kind of molecular variability with inversion and enzyme polymorphisms. Both comparisons of RAPDs versus chromosome and RAPDs versus enzyme genetic distances yielded signiÞcant results, indicating that the degree of differentiation between pairs of populations is signiÞcantly similar when all three types of variability are compared with each other. SpeciÞcally, the differentiation for loci ampliÞed by some of the primers is signiÞcantly correlated with the differentiation in humidity conditions. Therefore, RAPD loci frequencies tend to follow similar patterns of variations as chromosome and enzymatic variability. Inversions are of evolutionary signiÞcance because they can generate supergenes that preserve special genetic sequences. A population of T. pallidipennis at high altitudes, which is monomorphic for basic sequences at all chromosomes, will not have the same allele sequence as a population at low altitudes with Þxed inverted chromosomes. Because all seven inversions involve a good portion of the genome, a variation between supergenes that differentiate populations is expected to be observed when many random fragments of DNA are ampliÞed, because an eventual recognition sequence of the primers sited into the inversion may be altered. The signiÞcance of the congruence between enzymatic and RAPD variability is also discussed.
THE IMPACT OF pericentric inversion on speciation is ambiguous and will probably remain so (King 1993) . Indeed, in many of the species in which multiple pericentric inversions have been encountered, such as in rodents and Þsh (Greenbaum et al. 1978 , Turner et al. 1985 , they involved high levels of polymorphism and could not be related directly to the speciation processes. However, there are lineages of species belonging to the genera Pan, Homo, Gorilla, and Pongo, whose karyotypes can be distinguished by Þxed pericentric inversion differences (Sites and Moritz 1987) . Moreover, in the grasshopper Caledia captiva F., multiple pericentric inversions involving many different chromosomes may have a cumulative effect on fertility and on viability of F 2 and backcrosses, promoting an effective postmating isolating mechanism among different subspecies (Shaw et al. 1980 (Shaw et al. , 1986 Coates and Shaw 1984) .
The evolutionary signiÞcance of pericentric rearrangements is also related to the consequences resulting from its polymorphic presence at the population level. Pericentric rearrangements may lead to suppression of recombination. If the new array of alleles results in adaptive (epistatic) effects, then these polymorphisms may be selected for and retained in populations.
An example of this was shown in South American populations of Trimerotropis pallidipennis Burmeister (2n ϭ 23, X0 in males) which are polymorphic for 3Ð7 pericentric inversions in four medium-sized chromosome pairs and exhibit a clinal distribution of inversion polymorphisms (Confalonieri and Colombo 1989; Confalonieri 1994 Confalonieri , 1995 Matrajt et al. 1996) . Several lines of evidence suggest that these inversions are special sequences that are maintained by deterministic forces: (1) Three inversions (4 AI, 7 SM2, 8 SM4) correlate simultaneously with altitude, latitude, and minimum temperature, and two other inversions (6 M and 8 SM3) correlate with longitude and humidity in such a way that the frequency distribution of these chromosome rearrangements could be predicted for unstudied regions (Colombo and Confalonieri 1996) ; i.e., they follow similar patterns among independent geographical areas with similar ecological gradients.
(2) Gradual variation of inversion frequencies is correlated to environmental gradients, and was maintained stable over more than ten years (Confalonieri 1994) . (3) An analysis of mitochondrial DNA site variation showed no obvious pattern of distribution of mitochondrial haplotype variation parallel to the chromosomal differentiation of populations, what indicates that chromosomal clines are not the result of hybrid zones (Confalonieri et al. 1998) .
This hypothesis claims the existence of several arrays of alleles (i.e., supergenes) more adapted each to different microenvironments across the ecological gradient. It relies on the assumption that chromosomal rearrangements are true pericentric inversions instead of three break transpositions of autosomes, because this last type of rearrangement would not necessarily lead to any difference in genetic sequences between homologous regions of chromosomes, except for the position of the centromeric region. Cytological evidence from C-banding techniques (Sanchez and Confalonieri 1993) demonstrates that rearranged chromosomes show inverted patterns of C-bands, thus supporting the assumption that these rearrangements are true pericentric inversions. However, the Þrst clue about allelic differentiation among these inversions came from an enzymatic study performed in natural populations of T. pallidipennis (Matrajt et al. 1996) . This study demonstrated the occurrence of linkage disequilibrium between two esterase loci and two chromosome sequences, whose alternative alleles tended to be linked to different sequences of medium chromosome 8 (Matrajt et al. 1996) .
RAPD technology (Williams et al. 1990 ) has become a powerful tool for assessing genome variability within and between populations. To give further insights into the genetic differentiation of inversion sequences we applied this methodology in Þve chromosomal and enzymatically differentiated populations of T. pallidipennis. We report new evidence of sequence variation maintained by inversion rearrangements and its evolutionary signiÞcance.
Materials and Methods
Population Sampling. Collection sites and sample sizes are shown in Fig. 1 (Cabrera and Willink 1973) . They are situated at lower altitudes, with a prevalence of shrubs and a warm, dry climate. Puente del Inca is located in the biogeographical region known as Provincia Altoandina from the Dominio Andino-Patagó nico (Cabrera and Willink 1973) . It has a higher altitude, with scarce vegetation consisting of shrubs and grasses and a moderate to cold, dry climate. The southern sample of Bariloche (863 m) belongs to the Provincia Patagó nica, from the Dominio AndinoPatagó nico, with a cold, dry climate and barren plains with shrubs (Cabrera and Willink 1973) . All insects were collected and maintained in the laboratory as described in Confalonieri et al. (1998) .
DNA Isolation and Amplification. DNA was isolated from insects according to the method used by Marchant (1988) with a modiÞcation consisting in an additional phenol/chloroform/iso-amyl-alcohol extraction and RNase treatment for further puriÞcation of the DNA. Four decamer primers (Promega, Madison, Ten-year averages were used for the months of March, April, and May for the climatic variables analyzed.
WI) were used: AO1: 5Ј-CCCAAGGTCC; AO9: 5Ј-CTACTGCCGT; AO7: 5Ј-CCCGATTCGG; BO3: 5Ј-ACTTCGACAA. The ampliÞcation conditions were based on Williams et al. (1990) . The reaction was performed in 2 mM Tris-HCl (pH ϭ 8); 10 mM KCl, 0.01 mM EDTA, 0.1 mM DTT, 5% glycerol, 3 mM MgCl2, 100 M of each dNTP, 150 ng of each primer, 50 Ð100 ng of total genomic DNA and 2.5 U of Taq polymerase (Promega) in Þnal volume of 50 l. DNA ampliÞcation was performed in thermal cycler (Techne, Cambridge, UK). The Þrst period of denaturation was 94ЊC for 6 min; then 40 cycles of denaturation, annealing and extension, which consisted of 94ЊC for 1 min, 36ЊC for 1 min, and 72ЊC for 2 min. Finally, one extension cycle of 72ЊC for 5 min was carried out. Two negative controls (absence of template and Taq) were performed for each series of ampliÞcations.
The ampliÞcation products were separated on 1.5% agarose gels with TAE buffer containing 0.5 mg/ml of ethidium bromide, and electrophoresis was carried out at 5 V/cm for 3 h.
Data Analysis. AmpliÞed fragments per individual were recorded as present (1) or absent (0). Only reproducible bands were taken into account to generate the RAPD matrix dataset. Allele frequencies and genetic variability measures were estimated using the computer programs RAPDBIOS (Black 1996) and BIOSYS (Swofford and Selander 1981) . These population parameters were calculated assuming that genotypes were in Hardy-Weinberg equilibrium. In fact, chromosomal and enzymatic studies revealed that the samples here analyzed are panmictic (Matrajt et al. 1996 , Confalonieri et al. 1998 . The Lynch and Milligan (1994) correction was applied when estimating allelic frequencies. NeiÕs distances (Nei 1972 ) among populations were computed with the RAPDDIST program (Black 1996) . A phenetic treatment of these data were carried out using the neighbor-joining method with the computer program NEIGHBOR of the PHYLIP package (Felsenstein 1993) . To test the consistency with which a RAPD dataset supports the estimated relationships among populations, bootstrapping was performed.
Fst values and effective migration rates were also estimated using methods of both Lynch and Milligan (1994) and Weir and Cockerham (1984) . The latter includes a correction for small and unequal sample sizes. RAPDFST computer program (Black 1996) was employed.
The chromosome inversion observed in each individual, for each one of the four polymorphic pair of chromosomes (4, 6, 7, and 8) (Confalonieri et al. 1998) were computed to construct a matrix of genotype frequencies per sample. From these data, F-statistics and migration rates were estimated using the method of Weir and Cockerham (1984) with the computer program FSTAT (Goudet 1995) .
To estimate the congruence between enzymatic (Matrajt et al. 1996) , chromosomal and RAPD data, the correlation between the distances matrices were calculated with the nonparametric permutation test of Mantel (1967) .
Results
The primers chosen for analysis revealed 50 products, which varied in size from 200 to 2,000 bp. Three of them were present in all individuals and were, therefore, considered species markers; the others had variable frequencies among populations ( Table 2) .
Estimations of mean heterozygosity (unbiased estimate of Nei 1978) revealed considerable variation within each population (Table 3) . Interestingly, these Frequencies correspond to the dominant allele of each loci, estimated following Lynch and Milligan (1994) . AO1, AO9, AO7, and BO3: primers used. Numbers of bands were assigned in decreasing order of size.
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values show the same pattern of variation as those of chromosome and enzymatic polymorphism, being higher in Uspallata (which displays the highest level of inversion polymorphism) and decreasing toward both extremes of the altitudinal cline. NeiÕs distances (1972) using Lynch and MilliganÕs (1994) correction for RAPD loci between all pairs of samples are described in Table 4 . This matrix, along with that of chromosomal distances (Table 4) was collapsed using the algorithm of neighbor-joining. The phenograms obtained (Fig. 2) show similar topologies, suggesting that populations are clustered for RAPD loci in agreement with their chromosomal identity and independently of their geographic distance. As a matter of fact, Puente del Inca and Bariloche samples, which display the lowest mean number of inverted chromosomes (Table 3 ) and almost identical chromosomal characteristics (Confalonieri et al. 1998) , are clustered together with an 80% support of bootstrap for this branch, despite being the most geographically distant separated samples (Fig. 1) .
To verify this tendency, statistical analyses that tests whether two distance matrices are correlated (Mantel 1967) were performed (Table 5 ). Both comparisons of RAPD versus chromosome and RAPD versus enzyme genetic distances yielded signiÞcant results, indicating that the degree of differentiation between pairs of populations is signiÞcantly similar when all three types of variability are compared with each other. In agreement with this, RAPD versus altitudinal distances also gave a signiÞcant correlation, most probably as a consequence of the altitudinal clines displayed by many inverted chromosomes (Confalonieri 1994, Colombo and . The RAPD versus geographic distances comparison (Table 5) demonstrates that RAPD differentiation is independent of geographic distance, which disagrees with what would be expected for neutral markers.
As previously mentioned, the genetic structure of populations of this species with respect to inversion polymorphisms depends mainly on altitude, longitude, and their climatic characteristics. Among climatic variables, humidity (Hm) and minimum temperature (Tmin) are considered possible selective agents (Colombo and Confalonieri 1996) . Matrix comparisons between RAPD distances and both matrices of climatic differences among all pair of samples were then performed, but no variable gave a signiÞcant result (Table 5 ). The genetic distances among populations for RAPD loci were then recalculated using a subset of data, which included allele frequencies from each primer, one at a time. Subsequent comparisons were performed with respect to chromosome, Hm and Tmin differentiation (Table 6 ). These analyses showed that genetic differentiation among populations with respect to loci from primer AO1 is positively correlated with Hm differences and chromosome distances, whereas the data from primer BO3 is positively correlated with differentiation in Tm conditions of populations. a Data from Confalonieri (1994) and Confalonieri et al. (1998) . b Data from Matrajt et al. (1996) . Table 7 shows the Þxation indices (Fst) and effective migration rates (Nm) using both RAPD and chromosome data. All FstÕs were statistically signiÞcant, except for those obtained with chromosome data between Observatorio and Tunuyán samples. The estimates of gene ßow among all populations through Fst values were Nm ϭ 0.4 Ð 0.6 (considering RAPD data and both methods of estimations of Fst) and Nm ϭ 0.1455 (considering chromosome data). These values of effective migration rates are much lower than the value obtained from isozyme data (Nm ϭ 1.17Ð2.35, Matrajt et al. 1996) .
Discussion
RAPD data from T. pallidipennis populations show similar levels and patterns of interpopulation variation in heterozygosity as previously obtained for allozyme and chromosome data. Moreover, correlation matrices of RAPD versus chromosome and RAPD versus enzyme genetic distances are signiÞcant. Therefore, RAPD loci frequencies tend to follow similar patterns of variation as chromosome and enzymatic variability. These parallel patterns can be readily explained taking into account that inversion rearrangements can generate supergenes that preserve special genetic sequences. A population of T. pallidipennis at high altitudes, which is monomorphic for basic sequences at all chromosomes (as is the case in Puente del Inca), will not have the same allele sequence as a population at low altitudes with Þxed inverted chromosomes. As all seven inversions involve an important region of the genome, these adaptive differences between populations are expected to be observed if many random fragments of DNA are ampliÞed, because eventual targets for the primers sited in each inversion may be altered either in their position or in their base sequence. This seems to be indeed the case, as shown by the signiÞcant correlations obtained between genetic distance matrices.
Contrasting with allozyme markers that may reßect variability in protein coding sequences and may thus be selectively constrained, random DNA markers are expected to be virtually free of these inßuences (Aagaard et al. 1998) . Despite this, similar patterns of genetic diversity between allozyme and RAPD data have been previously reported for other plant and animal species (Liu and Furnier 1993 , Peakall et al. 1995 , Aagaard et al. 1998 , Wolf et al. 1998 . However, the cause of this congruence in T. pallidipennis does not seem the same. In this species, both types of variability behave as non-neutral markers, which is most probably due to the indirect effect of being related to a supergene. Obviously, neither all the RAPD nor all enzymatic markers should apply to this condition. In fact, only two esterase loci (Est-5 and Est-6) were enough to produce a parallel pattern of variation between enzymatic and chromosomal diversity as a consequence of linkage disequilibrium with medium chromosome 8 (Matrajt et al. 1996 ). In the current report, the pattern of parallel variation between chromosome and RAPD data seems to arise mainly from fragments ampliÞed by primer AO1. Accordingly, variation from this primer is the only one signiÞcantly correlated with the differentiation in Table 4 . Enzymes and chromosomes: genetic distances of Nei (1972) (data from Matrajt et al. 1996 and Table 4 , respectively). Geographic: geographic distances between populations. Humidity and Tmin: differences in humidity and temperature minimum conditions between samples. r, coefÞcient of correlation. P, probability. NS, not signiÞcant. BS, borderline significance. *, statistically signiÞcant. Data used: RAPD data sets restricted to matrices that includes only bands from each primer. AO1: bands from primer AO1. AO9: bands from primer AO9, and so on. These matrices are compared with matrices of differences in humidity and minimum temperature conditions between samples, and also with matrices of genetic distances of Nei (1972) for chromosome differentiation. *, statistically signiÞ-cant. Values above the diagonal were obtained using the method of Weir and Cockerham (1984) and chromosome frequency data. Values below the diagonal were obtained using both methods of Weir and Cockerham (1984) and Lynch and MilliganÕs (1994) and RAPD data. Fst were all statistically signiÞcant except for the value of Fst corresponding to Observatorio-Tunuyán differentiation in chromosome frequencies. population humidity conditions. These facts suggest that most of the ampliÞcation products from this primer could belong to the region involved in those inversions that correlate with humidity conditions (i.e., 6 M or 8 SM3) (Colombo and Confalonieri 1996) . Therefore, they could be located in the same chromosomal region as those allozyme markers that generated the clinal variation with chromosomal rearrangements (Matrajt et al. 1996) , thus justifying the parallelism among RAPD, enzymatic, and chromosomal variability. In addition, the differentiation in allele frequencies of loci ampliÞed by primer BO3 is signiÞcantly correlated with the differentiation in Tmin conditionsÑthe most important selective agent for chromosomal differentiationÑthus explaining, along with the former primer, the whole parallelism with inversion distribution in natural populations.
Gene ßow estimates from Fst values are based on an evolutionary model that assumes migration and drift of neutral genetic variation among equally accessible demes (Slatkin and Barton 1989) . T. pallidipennis is an r-strategist (Wallner 1987) . Insects that are r-strategists have high capacities for population increase, are poor competitors, and have a high incidence of polymorphism and high levels of vagility (Wallner 1987) . This last characteristic and the fact that they are strong ßyers suggest a high value of Nm, which is only obtained with enzymatic loci excluding those with clinal variation, i.e., including those presumably neutral loci (Matrajt et al. 1996) . As with chromosomal variability, RAPD loci behave as non-neutral markers, showing high values of differentiation and unexpected low values of gene ßow. The explanation is the same as before: they are revealing sequence differentiation among supergenes that have adaptive signiÞcance.
